a n a l y s l s technlques used f o r r e s o l v l n g t h e unsteady f l o w f l e l d f e a t u r e s .
The ensemble-average and variance o f t h e measured v e l o c l t l e s a r e used t o l d e n t l f y t h e (I r o t o r -wake -g en e r a t e d 'I and 'I u n res o 1 ved la u n s t ead 1 ne s s , r e s p e c t l v e l y . The t e r m "rotor-wake-generated" unsteadiness r e f e r s t o t h e unsteadlness generated by t h e r o t o r wake v e l o c t t y d e f l c l t and t h e t e r m "unresolved" unsteadiness r e f e r s t o a l l remalnlng c o n t r l b u t l o n s t o unsteadlness such as v o r t e x sheddlng. turbulence, mass f l o w f l u c t u a t l o n s , e t c . A procedure f o r c a l c u l a t l n g a u t o and cross c o r r e l a t l o n s o f t h e rotor-wake-generated and unresolved unsteady v e l o c l t y f l u c t u a t l o n s I s described. These u n s t e a d y -v e l o c i t y c o r r e l a t l o n s have s l g n l f l c a n c e s i n c e they a l s o r e s u l t from a decomposlt l o n o f t h e Navler-Stokes equatlons. Thls decomposlt l o n o f t h e Navler-Stokes equatlons r e s u l t l n g I n t h e v e l o c l t y c o r r e l a t l o n s used t o d e s c r i b e t h e unsteady v e l o c l t y f l e l d will a l s o be outl!ned !n t h l s paper. . m/s a x l a l c o o r d l n a t e a x l s , o r a x l a l d l s t a n c e ( F l g . 5 ) , cm l a s e r beam o r l e n t a t l o n a n g l e measured from Z a x l s F i g . 5 ) . deg l a s e r beam o r l e n t a t l o n a n g l e measured f r o m e a x l s F i g . 5 ) . deg l a s e r beam o r l e n t a t l o n a n g l e measured from R a x l s ( F l g . 5 ) , deg c i r c u m f e r e n t i a l c o o r d l n a t e a x l s , o r c l r c u m f e r e n t l a l d l s t a n c e ( F l g . 5). deg r i r r u r n f e r e n t j a l r o o r d i n a t e a x 1 5 p r p f m d t r u l a r t o beam b l s e c t o r (Flg. 5) dens 1 t y a n g l e between t h e beam b l s e c t o r and t h e r a d l a l d l r e c t l o n ( F l g . 5 ) , deg 
R r o t o r angular p o s l t l o n r e l a t i v e t o measured
angle between t h e f r i n g e normals and t h e a x l a l d l r e c t l o n , (Flg. 5 ) , Deg.
s t a t o r passage, Deg.
S u b s c r i p t s m measured component
Z a x l a l component e t a n g e n t l a l component 1 measured component I n d l r e c t i o n o f f l r s t beam o r l e n t a t l o n a n g l e 2 measured component i n d l r e c t l o n o f second beam o r l e n t a t l o n a n g l e , stage e f f l c l e n c y (2) . heat t r a n s f e r (z), n o l s e g e n e r a t l o n ( 4 ) . and energy t r a n s f e r (I). I n f a c t , t h e fundamental mechanism f o r energy t r a n s f e r I n turbomachines I s t h e unsteady t h r o u g h f l o w ( 6 ) . However, v i r t u a l l y a l l e x l s t l n g turbomachine deslgn systems a r e based on t h e assumption t h a t t h e f l o w i s steady i n time. A b e t t e r understandlng o f unsteady f l o w I n t e r a c t i o n s may, therefore, l e a d t o an lmprovement I n our a b i l i t y t o p r e d i c t t h e performance o f turbomachines and t o corresponding Improvements i n turbomachinery design p r a c t l c e .
I n t h e p a s t , unsteadlness I n turbomachlnes has been g e n e r a l l y c a t e g o r l z e d as belng e l t h e r " p e r i o d i c " o r "random" ( " t u r b u l e n t " ) . F l o w -f l e l d f l u c t u a t i o n s r e s u l t l n g from t h e r e l a t l v e motlon between blade rows have been c a t e g o r l z e d as " p e r l o d l c " unsteadiness. "Randoin" unsteadlness has been used as a c a t c h -a l l t e r m whlch I n c l u d e s f l o w -f i e l d f l u c t u a t l o n s due t o t u r b ulence, v o r t e x shedding. global f l o w -f i e l d f l u c t u a t l o n s , t r u e random unsteadlness, and any o t h e r unsteadiness n o t c o r r e l a t e d w l t h r o t o r speed. Therefore, I n t h e absence o f a more d e s c r l p t i v e terminology f o r unsteady f l o w s t y p i c a l o f turbomachines and t o a t t e m p t t o a v o l d c o n f u s i o n o f terms, we w l l l use t h e terms "rotor-wakegenerated" unsteadiness t o d e s c r i b e t h e unsteadlness generated by t h e r o t o r wake v e l o c i t y d e f l c i t , and "unresolved" unsteadlness t o r e f e r t o t h e remalnlng unsteadiness.
I n t h e p r e s e n t experlmental I n v e s t i g a t i o n , a l a s e r f r l n g e anemometer (LFA) was used t o measure t h e unsteady v e l o c i t y f l e l d w l t h l n a t r a n s o n i c a x l a l -f l o w f a n s t a t o r row. U n l l k e a hot w l r e , whlch p r o v l d e s a COntlnUOuS sampling o f I t s measureand. an LFA I s dependent on t h e random occurrence o f a seed p a r t i c l e c r o s s i n g t h e f r i n g e planes o f t h e LFA probe volume. Therefore, due t o t h e d i s c r e t e sampling c h a r a c t e r l s t l c of l a s e r anemometers, a somewhat d i f f e r e n t approach f o r a n a l y s i s and l n t e r p r e t a t l o n o f l a s e r anemometer r e s u l t s I s r e q u i r e d . P a r t I o f t h l s paper d e s c r i b e s t h e measurement and a n a l y s i s procedures r e q u i r e d t o o b t a i n I n f o r m a t i o n about t h e unsteady f l o w f i e l d w i t h i n turbomachines from l a s e r f r l n g e anemometer r e s u l t s . The ensemble-average and v a r i a n c e o f t h e measured v e l o c i t i e s a r e used t o I d en t I f y t h e 'I r o t o r -wake gene r a t ed 'I and 'I un r e s o 1 v ed " unsteadiness, r e s p e c t i v e l y . A procedure f o r c a l c u l a ti n g a u t 6 and cross c o r r e l a t i o n s o f t h e rotor--wakegenerated and unresolved unsteady v e l o c i t y f l u c t u a t i o n s I s d e s c r l b e d and t h e mathematical s l g n i f l c a n c e o f these unsteady v e l o c i t y c o r r e l a t i o n s , which were d e r i v e d from t h e Navler-Stokes equations. i s o u t l i n e d . Some l l m i t a t l o n s o f t h e p r e s e n t a p p l i c a t i o n o f l a s e r f r l n g e anemometry t o the measurement o f unsteady f l o w s a r e discussed. P a r t I 1 o f t h l s paper d e s c r i b e s t h e a p p l l c a t l o n of these techniques t o t h e study o f blade row I n t e ra c t i o n s i n a s i n g l e stage t r a n s o n l c a x i a l -f l o w f a n stage. Mean f l o w -f l e l d r e s u l t s as w e l l as "rotor-wakegenerated" and "unresolved" unsteadiness r e s u l t s a r e presented f o r b o t h a s t a t o r w l t h a double c l r c u l a r a r c blade shape and a s t a t o r whlch employs a c o n t r o l l e dd l f f u s l o n blade shape.
LASER MEASUREMENT TECHNIQUE
The l a s e r anemometer system used I n t h e p r e s e n t experlmental l n v e s t l g a t i o n I s a s l n g l e channel, dual beam, f r l n g e anemometer w i t h on-axls b a c k -s c a t t e r c o l l e c t l o n o p t i c s . The system has been p r e v l o u s l y descrlbed i n d e t a l l (1). The l a s e r f r l n g e anemometer (LFA) I s used t o o b t a l n l n f o r m a t l o n about t h e ensemblemean v e l o c l t y and ensemble-variance o f t h e v e l o c i t y f l u c t u a t l o n s I n any d e s l r e d d l r e c t l o n w i t h i n a p l a n e p e r p e n d l c u l a r t o t h e l a s e r beam o p t l c a l path. I n t h e p r e s e n t work, t h e o p t i c a l p a t h d i r e c t i o n I s t h e r a d i a l d l r e c t l o n . Therefore, The p r e s e n t LFA system p r o v l d e s no I n f o r m a t i o n on t h e spanwlse ensemble-mean v e l o c l t y o r I t s f l u c t u a t l o n s . O p t l c a l access t o t h e research f a n f l o w f i e l d I s p r o v l d e d through a 3 mm t h l c k g l a s s wlndow whlch c l o s e l y conforms t o t h e t i p f l o w p a t h contour I n b o t h t h e c l r c u m f e r e n t l a l and streamwlse d i r e c t l o n s . The wlndow a l l o w s c l e a r o p t i c a l access t o t h e f l o w f l e l d f r o m about t h e r o t o r t r a l l l n g edge t o 150 p e r c e n t s t a t o r a x l a l chord across s l l g h t l y more than a s t a t o r p i t c h . F l u o r e s c e n t l l q u l d seed p a r t l c l e s , n o m l n a l l y 1-1.4 pm I n dlameter, a r e I n t r o d u c e d i n t o t h e f l o w f l e l d through a 6 mm dlameter tube l o c a t e d 35 cm upstream o f t h e r o t o r . The seeder tube I s I n s t a l l e d i n a r a d l a l and c l r c u m f e r e n t l a l a c t u a t o r t o p r o v l d e c a p a b l l l t y f o r p o s l t l o n l n g t h e seeder t o o p t l m l z e t h e d a t a r a t e each t l m e t h e l a s e r probe volume l o c a t l o n I s changed. The LFA system Is mounted o u t s l d e t h e t e s t apparatus on a s u p p o r t l n g s t r u c t u r e whlch I s a d j u s t a b l e I n t h e a x l a l , r a d i a l , and c l r c u m f e r e n t l a l d l r e c t l o n s o f t h e fan c o o r d l n a t e system I n o r d e r t o p o s l t l o n t h e l a s e r probe volume a t t h e l n d l v l d u a l measurement l o c a t l o n s .
face of r e v o l u t l o n on which t h e LFA measurements were acquired. a d e s l g n code p r e d i c t i o n o f t h e " s t r e a m l i n e ' which passes through t h e r o t o r t r a l l l n g edge a t 50 p e r c e n t span from t h e shroud. The s t a t o r blade-to-blade LFA 
o r conf l g u r a t l o n s . These l o c a t l o n s a r e f i x e d r e l a t i v e t o the s t a t o r , and thus I n t h e a b s o l u t e frame.
The f l o w s I n turbomachlnery a r e extremely complex and I n v o l v e many sources of unsteadiness. For example, unsteadlness can be generated by t h e r e l a t l v e motlon between blade rows, v o r t e x shedding, g l o b a l f l o w -f l e l d f l u c t u a t i o n s , and turbulence.
The LFA, however, does n o t a l l o w continuous r e c o r d l n g o f t h e lnstantaneous v e l o c i t y , V ( t ) , l l k e a h o t -w i r e probe would.
Instead, t h e LFA uses a random sampllng technique whlch I s t r l g g e r e d whenever a seed p a r t l c l e crosses t h e f r i n g e planes o f t h e LFA probe volume. Simultaneously. t h e a n g u l a r p o s i t i o n of t h e r o t o r i s a l s o recorded. The LFA, t h e r e f o r e , l s a s t a t l s t l c a l measurlng d e v l c e which i s used t o e x t r a c t l n f o r m a t l o n about t h e ensemble-mean v e l o c l t y and ensemble-variance o f v e l o c i t y f l u c t u a t l o n s whlch a r e a c q u l r e d over many thousands o f r e v o l u t l o n s o f t h e r o t o r . A t each o f t h e survey p o l n t s shown I n F l g . 2. the LFA system was f r e e t o a c q u l r e v e l o c i t y measurements whenever a seed p a r t l c l e crossed t h e LFA probe volume. T h l s r e s u l t e d i n t h e random a c q u l s l t l o n o f many velocl t y measurements d u r i n g every r o t o r r e v o l u t j o n . An e l e c t r o n l c s h a f t -a n g l e encoder was used t o a s s l g n each v e l o c i t
y measurement t o t h e proper angular p o s l t l o n o f t h e r o t o r a t which i t occurred. The s h a f t angle encoder p r o v i d e d a measure o f t h e r o t o r angular p o s it i o n by g e n e r a t i n g and c o u n t l n g 1100 pulses per r o t o r r e v o l u t i o n r e l a t i v e t o a f i x e d once-per-rev l o c a t i o n on t h e r o t o r d i s k . Each t i m e a v e l o c i t y measurement was acquired. t h e encoder counter was read I n order t o determlne t h e angular p o s l t l o n o f t h e r o t o r a t which t h e v e l o c i t y measurement occurred. However, the v e l o c l t y measurements do n o t r e a l l y occur a t d i s c r e t e encoder p u l s e p o s l t l o n s . b u t r a t h e r occur anywhere w i t h i n an i n t e r v a l ( s t o r a g e segment)
between two adjac e n t encoder p u i s e p o s i t i o n s . A i i measurernerii, which occur w i t h i n a storage segment a r e assigned t o t h e angular l o c a t i o n whlch corresponds t o t h e c e n t e r o f t h e segment.
Thls l o c a t l o n I s termed a r o t o r s h a f t post t l o n . i t y measurements were a c q u l r e d f o r each of two separate l a s e r beam f r i n g e -a n g l e o r l e n t a t l o n s s e t a t ?20° o f the l o c a l l y measured s t e a d y -s t a t e a b s o l u t e f l o w angle. For each f r l n g e -a n g l e o r l e n t a t l o n , t h e v e l o c l t y measurements were a c q u l r e d f o r 850 separate angular p o s
l t l o n s o f t h e r o t o r ( s h a f t p o s l t l o n s ) which were evenly d l st r l b u t e d a t 50 s h a f t p o s l t l o n s p e r r o t o r p i t c h across 1 7 o f t h e 22 r o t o r blade passages.
The e r r o r i n any s l n g l e LFA measurement i s a f u n c t l o n o f many d i f f e r e n t parameters I n c l u d i n g random n o i s e i n t h e p h o t o m u l t i p l i e r tube s i g n a l . A s a r e s u l t , i t i s d l f f i c u l t t o make estimates o f t h e t o t a l uncert a i n t y I n an i n d l v l d u a l LFA measurement s l n c e t h l s n o l s e l s generated by background r a d l a t l o n whlch varles w l t h each medsut-oment. However, based on t h e number o f i n d i v i d u a l LFA measurements a c q u i r e d a t each r o t o r s h a f t p o s i t i o n , a s t a t l s t l c a l measure o f t h e uncert a l n t y I n t h e p r e c i s i o n o f t h e estlmates o f t h e t r u e ensemble-average and v a r l a n c e o f t h e Instantaneous v e l o c i t i e s can be determlned. U n c e r t a i n t y I n t e r v a l s r e p r e s e n t l n g t h e 95 p e r c e n t confldence l e v e l of t h e e s t l m a t e s o f p r e c l s l o n u n c e r t a l n t y a r e i n c l u d e d f o r each p l o t t e d data p o l n t . Table 1 l i s t s t h e s l g n l f l c a n t sources o f b l a s u n c e r t a l n t y f o r whlch estlmates o f the u n c e r t a l n t y were p o s s l b l e . A f a l r l y comprehenslve documentation o f t h e sources o f experimental u n c e r t a l n t y I n LFA measurements. I n c l u d i n g methodologies f o r quant l f y l n g them, a r e p r o v i d e d I n Ref.
( 8 ) .
A t each survey p o i n t , approximately 30 000 veloc-DATA REDUCTION As p r e v l o u s l y mentioned, t h e LFA a c q u i r e s v e l o c i t y measurements over many successlve r o t o r r e v o l u t l o n s whlch r e s u l t s I n a d l s t r l b u t l o n o f v e l o c l t y measurements f o r each o f t h e 850 r o t o r s h a f t p o s i t i o n s f o r any survey p o l n t . Examples o f two such v e l o c l t y d l s t r l b ut l o n s a c q u i r e d a t d i f f e r e n t r o t o r s h a f t p o s l t i o n s (one i n t h e " f r e e stream" between a d j a c e n t r o t o r wakes, and one w i t h l n a r o t o r wake) a r e shown I n F i g . 3. The s t r l k l n g d l f f e r ' e n c e between these two v e l o c i t y d l s t r lb u t l o n s l l l u s t r a t e s t h e l n a b l l l t y o f t h e p r e s e n t LFA measurlng technlque t o e x t r a c t d e t a l l e d i n f o r m a t i o n about any unsteadiness whlch I s n o t c o r r e l a t e d t o t h e fundamental r o t o r r o t a t i o n a l frequency. The doublepeaked c h a r a c t e r o f t h e v e l o c l t y d l s t r l b u t i o n a c q u i r e d f o r f l o w w i t h l n t h e r o t o r wake I s a r e s u l t o f v o r t e x shedding ( 9 ) . The f l u c t u a t i o n o f v e l o c i t y measurements about t h e c e n t e r o f each peak I s p a r t l a l l y a r e s u l t o f turbulence, b u t a l s o i n c l u d e s a l l o t h e r forms o f unsteadiness whlch a r e n o t c o r r e l a t e d t o t h e fundamental r o t o r r o t a t i o n a l frequency (e.g., r o t o r speed d r i f t , l n l e t massflow f l u c t u a t l o n s ) . Because o f t h e p r e s e n t i n a b i l i t y t o d i s t i n g u i s h t h e e x a c t c o n t e n t o f t h e v a r i o u s sources o f unsteadiness which a f f e c t these d i s t r l b u t l o n s o f v e l o c i t l e s , t h e term "unresolved" unsteadiness w l l l be used h e r e l n t o r e f e r t o a l l unsteadlness whlch c o n t r l b u t e s t o t h e spread i n t h e d l s t r l b u t l o n o f v e l o c i t i e s (e.g., v o r t e x shedding and t u r b u l e n c e ) .
" p e r l o d l c " unsteadiness caused by t h e r e l a t l v e motion between blade rows. P e r i o d i c unsteadiness can be f u r t h e r sub-divided I n t o wake I n t e r a c t i o n and p o t e n t l a l f l o w i n t e r a c t i o n s . However, due t o t h e l a r g e a x l a l spaclng between b l a d e rows (85 p e r c e n t o f r o t o r midspan a x l a l chord), t h e p e r l o d l c unsteadlness r e s u l t i n g from p o t e n t i a l f l o w l n t e r a c t l o n s was assumed t o be I l C y I I Q l v l e I n t h t s case. T h e r e f o r c , t h e t e r m " r o t o r uake-generated" unsteadlness w l l l be used h e r e l n t o r e f e r t o t h e p e r l o d l c unsteadlness o c c u r r l n g as a r e s u l t o f t h e v e l o c i t y d e f i c i t i n t h e r o t o r wake and r e l a t l v e motlon between b l a d e rows.
"Ensemble-averaging" (lo) I s r e q u i r e d i n o r d e r t o decouple t h e "rotor-wake-generated" unsteady f l o w -f l e l d f e a t u r e s from t h e "unresolved" unsteadiness. As measurements a r e a c q u l r e d d u r l n g each r o t o r r e v o l u t i o n , t h e LFA d a t a a c q u l s l t l o n system a u t o m a t l c a l l y sums t h e measured p a r t l c l e f r i n g e -c r o s s i n g frequency and i t s square f o r every r o t o r s h a f t p o s l t l o n . Therefore, t h e ensemble-average v e l o c i t y and corresponding v a r l a n c e 
n t a t i o n s , 'pz ' p~. I n a d d i t i o n , ' p~ = 0 f o r most survey p o i n t s . Therefore, t h e ensemble--average v e l o c i t y components I n t h e research f a n c o o r d i n a t e system a r e r e l a t e d t o t h e measured ensemble-average v e l o c i t y components through t h e f o l l o w i n g two equations. n = 35 measurements per r o t o r s h a f t p o s i t i o n .
The ensemble-averaged r e s u l t s determined from d a t a l i e s along l i n e The a n g l e between t h e f o r each 
Near t h e s t a t o r surface, a l t h o u g h t h e ' p~ angles f o r t h e two runs are equal, they a r e s e t t o some nonzero value I n t h e range -6 t o t12" ( p r e s s u r e t o suct i o n surface, r e s p e c t i v e l y ) i n order t o reduce beam blockage due t o t h e LFA window frames. Thus, t h e tang e n t i a l component o f v e l o c i t y c a l c u l a t e d from Eq. ( 3 ) a c t u a l l y l i e s along t h e 8 ' d i r e c t i o n when ' p~ # 0. Although t h i s procedure introduces an a d d i t i o n a l e r r o r source i n t h e measurements ( 2 . 2 percent a t 12'). i t was considered a reasonable s a c r i f i c e t o o b t a i n some i n d ic a t i o n o f t h e n a t u r e of the f l o w f i e l d c l o s e t o t h e s t a t o r surface, which would o t h e r w i s e n o t be p o s s i b l e t o o b t a i n . E a r l i e r i n v e s t i g a t i o n s (11) have demonstrated t h e p e r i o d i c i t y of t h e f l o w f i e l d between t h e r o t o r passages o f t h i s research fan. Present measurements conf i r m p e r i o d i c i t y . F i g u r e 6(a) shows t h e s u p e r p o s i t i o n o f t h e ensemble-average a x i a l v e l o c i t y p r o f i l e s across each o f 17 surveyed r o t o r blade passages f o r one survey p o i n t . S i m i l a r l y , F i g . 6 ( b ) shows t h e s u p e r p o s i t i o n o f t h e blade-to-blade d i s t r i b u t i o n s of t h e ensembleaverage variances across each o f t h e 17 surveyed r o t o r blade passages. Knowing that p e r i o d i c i t y e x i s t s , a l l ensemble-averaged v e l o c i t y components presented h e r e i n a r e t e m p o r a l l y phase-lock averaged as f o l l o w s :
NRP ( 4 ) mr = G 3 J G -L j -
NRP

where G r e p r e s e n t s any f l o w -f i e l d parameter (ensemble mean o r v a r i a n c e ) , t h e i u b s c r i p t j = 1 t o 50 denotes a p a r t i c u l a r s h a f t p o s i t i o n measured r e l a t i v e t o t h e suct i o n surface of t h e i ' t h r o t o r passage, t h e s u p e r s c r i p t -denotes t h e temporal phase-lock average, and
NRP i s t h e t o t a l number of r o t o r passages surveyed (1.e.. 17 Passages). The temporal phase-lock averaging o p e r a t o r I s a p p l i e d t o t h e ensemble average v a r i a n c e o f t h e v e l o c i t i e s i n an a t t e m p t t o m l n i m i z e t h e i n f l u e n c e o f geometry-induced passage-to-passage f l o w -f i e l d v a r i a t i o n s (e.g., due t o manufacturing t o l e r a n c e s o r i n s t a l l a t i o n procedures) from a r t i f i c i a l l y i n c r e a s i n g t h e magnttude of t h e "unresolved" unsteadiness. The successive a p p l i c a t i o n o f Eq. ( 4 ) f o r each r o t o r s h a f t position r e s u l t s i n a d e s c r i p t i o n o f t h e f l o w f i e l d a t 50 e q u a l l y spaced s h a f t p o s i t i o n s across a representat i v e r o t o r passage ( F i g . 7 ) . The temporal phase-lock average and v a r i a n c e o f t h e a x i a l and t a n g e n t i a l v e l o c i t y components a r e assumed t o c h a r a c t e r i z e t h e fundamental f e a t u r e s o f "rotor-wake-generated" and "unresolved" unsteadiness r e s p e c t i v e l y , and a r e t h e r ef o r e used t o determine a l l o t h e r reduced f l o w -f i e l d q u a n t l t l e s . Since a l l r e s u l t s presented h e r e i n have been t e m p o r a l l y phase-lock averaged, t h e s u p e r s c r i p t -w i l l be dropped h e r e a f t e r .
f i g u r e 8 shows t h e r e l a t i o n s h i p s between v a r i o u s v e l o c i t y averages, as w e l l as t h e i r r e l a t i o n s h i p s w i t h t h e " r o t o r -wa ke-g ene r a t ed I' and I' un res o 1 ved I' ve 1 oc i t y f l u c t u a t i o n s f o r b o t h c o n t i n u o u s l y sampled h o t -w i r e and randomly sampled LFA measurements. The instantaneousv e l o c i t y i s decomposed i.nto a s t e a d y -s t a t e v e l o c i t y V, N a , p e r i o d i c "rotor-wake-generated" f l u c t u a t i n g v e l o c i t y V , and an "unresolved" v e l o c i t y f l u c t u a t i o n -V I . For c o n t l n u o u s l y sampled h o t -w i r e measurements, V I s t h e ensemble average o f V. For randomly sampled LFA measurements, represents t h e temporal phase-lock average. The s t e a d y -s t a t e v e l o c i t y I s determlned from a r i t h m e t i c a l l y averaging t h e d i s t r i b u t i o n o f t e m p o r a l l y phase-lock averaged v e l o c i t i e s across a l l 50 r o t o r s h a f t p o s i t i o n s f o r any survey p o i n t , and i s used as an e s t i m a t e o f t h e t r u e time-average v e l o c i t y . above v e l o c i t y decomposition, and u s i n g t h e temporal phase-lock averages t o r e p r e s e n t t y p i c a l r o t o r passage d i s t r i b u t i o n s o f ensemble-average parameters, t h e f o l l o w i n g v e l o c i t y c o r r e l a t i o n s can be determined from t h e LFA measurements.
From t h e where t h e s u b s c r i p t s i,? correspond t o t h e " i z l
and/or t a n g e n t i a l v e l o c i t y components. vivi represents t h e magnitude o f t h e "rotor-wake-generated'' unsteadiness (RWVC), and V;Vj represents t h e magnitude o f t h e "unresolved" unsteadiness ( U V C ) . component l a s e r anemometer system was used t o a c q u i r e t h e d a t a . Since t h e v e l o c i t y measurements were i n d ependently a c q u i r e d a t two d i f f e r e n t beam o r i e n t a t i o n s , i t I s n o t p o s s i b l e t o measure cross c o r r e l a t i o n s between t h e instantaneous measured v e l o c i t y components. As a r e s u l t , I t i s n o t p o s s i b l e t o determine t h e a x l a l o r t a n g e n t i a l components o f t h e "unresolved" u n s t e a d iness. However, t h e f o l l o w i n g procedure t o e s t i m a t e t h e --D u r i n g t h e p r e s e n t research program, a s i n g l eupper and lower bounds o f t h e varlances o f t h e v e l o c l t y components I n t h e a x l a l and t a n g e n t l a l d l r e c t l o n s has been developed.
The LFA d a t a a t a g l v e n survey p o l n t c o n s l s t s o f measurements a c q u l r e d a t two d l f f e r e n t f r l n g e -a n g l e o r l e n t a t l o n s l a b e l e d as measurement d l r e c t l o n s 1 and 2 r e s p e c t l v e l y I n F l g . 9. Equatlons ( 1 ) and ( 2 ) a r e used t o c a l c u l a t e t h e v a r i a n c e o f t h e d a t a a c q u l r e d I n each # and V2 a r e used t o c a l c u l a t e t h e t o t a l abso, l u t e mean v e l o c l t y ' 3; and t h e mean f l o w a n g l e 1 3~.
The mean and v a r i a n c e a r e used t o d e f l n e two measurement measurement d l r e c t l o n s 1 and 2, r e s p e c t l v e l y . The shaded p a r a l l e l o g r a m shown I n F l g . 9 d e f l n e s t h e r e g l o n I n t h e Vz-Ve p l a n e whlch I s comnon t o these measurement envelopes. The upper and lower bounds o f t h e v a r l a n c e o f t h e a x l a l and t a n g e n t l a l v e l o c l t y components can t h e r e f o r e be determlned by p r o j e c t l n g t h e v e r t l c e s o f t h l s p a r a l l e l o g r a m onto t h e V z and VO axes. U n f o r t u n a t e l y these bounds a r e extremely l a r g e , and t h e r e f o r e t h e y p r o v i d e l l t t l e u s e f u l l n f o r m a t l o n . Therefore, t h e varlances of t h e v e l o c l t y components whlch l l e I n t h e a c t u a l measurement d l r e c t l o n s , and s 2 a r e g e n e r a l l y used I n s t e a d o f t h e a x l a l and t a n g e n t l a l component bounds t o p r o v i d e l n f o r m a t l o n about t h e n a t u r e o f t h e "unresolved" v e l o c l t y c o r r e l a t l o n s . The same I s t r u e I n general f o r r o t o r blade rows. An "average" o f t h e f l o w s I n t h e d i f f e r e n t b l a d e passages o f a s p e c l f l c blade row I s the "average passage" f l o w . The average passage system o f equatlons a r e I d e a l l y s u l t e d f o r use I n a turbomachlne deslgn system. U n l l k e c u r r e n t turbomachlne deslgn systems, however. t h e average passage system o f equatlons i n c l u d e s terms whlch can account f o r t h e e f f e c t s o f the unsteady f l o w s . These terms look, I n form. much l i k e Reynolds s t r e s s terms and l d e n t l f y t h e major c o n t r l b ut o r s t o t h e g e n e r a t l o n o f nonaxlsymnetrlc f l o w s I n m u l t l s t a g e turbomachlnes. I n t h e d e r l v a t l o n o f t h e average-passage system o f equations (E). Adamczyk assumed t h a t t h e a b s o l u t e v e l o c l t y f l e l d . w l t h r e s p e c t t o a g l v e n blade row, c o u l d be decomposed as
(7)
where t h e f l r s t t e r m on t h e r l g h t hand s l d e I s t h e s t e a d y -s t a t e passage-to-passage averaged component, the second t e r m l s t h e Passage-to-passage a p e r l o d l c component, t h e t h l r d t e r m I s t h e t e m p o r a l l y p e r l o d l c f l u ct u a t l n g component due t o t h e r e l a t i v e motion between b l a d e rows, and t h e l a s t t e r m 1 s t h e component due t o unresolved v e l o c l t y f l u c t u a t l o n s ( F i g . 1 0 ) . The passage-to-passage averaged component descrlbes a s t e a d y -s t a t e f l o w f l e l d whlch i s t h e same I n each blade-to-blade passage o f a b l a d e row. The passageto-passage a p e r l o d l c component a r i s e s from d l f f e r l n g r o t o r ( s t a t o r ) b l a d e counts I n successive stages. I n a s l n g l e -s t a g e turbomachlne t h e a p e r l o d l c component would be zero. I t should be noted t h a t a l l averages I n t h e above e q u a t l o n a r e d e n s l t y welghted averages. a c c o r d l n g t o Adamczyk's d e r l v a t l o n . s u b s t l t u t e d t h e above v e l o c l t y decomposltlon I n t o t h e Navler-Stokes equatlons and. I n a manner analogous t o Reynolds averaglng t h e Navler-Stokes equations. performed t h e f o l l o w l n g averages:
( 1 ) An ensemble average t o decouple t h e p e r l o d lc a l l y unsteady f l o w -f l e l d f e a t u r e s from t h e unresolved unsteadlness.
( 2 ) A t l m e average t o decouple t h e s t e a d y -s t a t e f l o w -f l e l d f e a t u r e s from t h e t e m p o r a l l y p e r l o d l c unsteadlness.
( 3 ) A phase-lock average t o decouple t h e passageto-passage average f l o w -f l e l d f e a t u r e s from t h e passage-to-passage a p e r l o d l c f l o w -f l e l d f e a t u r e s .
As a r e s u l t , t h e average-passage system o f equations was developed. From t h e d e r l v a t l o n o f t h e average-passage system o f equatlons. t h e f o l l o w l n g 2nd-order t e n s o r was l d e n t l f l e d .
Adamczyk then
where s u b s c r l p t s 1 and j a r e t e n s o r I n d i c e s whlch correspond t o t h e a x l a l . t a n g e n t l a l , o r r a d l a l v e l o c l t y components. The v a r l a b l e p I s t h e f l u i d d e n s i t y , and 9 I s t h e t o t a l apparent s t r e s s . The f i r s t t e r m on t h e r l g h t -h a n d s l d e o f t h e e q u a t l o n I s t h e s t r e s s due t o passage-to-passage a p e r l o d l c l t y , t h e second term I s t h e s t r e s s due t o p e r l o d l c unsteadiness. and t h e l a s t t e r m I s t h e s t r e s s due t o unresolved unsteadiness. Thls t o t a l apparent-stress t e n s o r I s generlc t o t h e average-passage system o f equations. and along w l t h body f o r c e s and energy terms, I t s e v a l u a t i o n c o n s t lt u t e s t h e c l o s u r e problem f o r t h l s e q u a t l o n system. Slnce t h e d a t a presented h e r e i n were a c q u l r e d I n o n l y one s t a t o r passage o f a s i n g l e -s t a g e fan, t h e r e I s no s t a t o r passage-to-passage a p e r l o d l c l t y . Theref o r e , t h e a p e r l o d l c s t r e s s t e r m o f Eq. ( 8 ) equals zero. I n a d d l t l o n . a l t h o u g h t h e measured f l o w f l e l d I s compressible, t h e r e was no means o f measuring t h e t l m er e s o l v e d d e n s l t y . t h e r e f o r e , Eq. (8) cannot be l d e n t lc a l l y c a l c u l a t e d f r o m t h e p r e s e n t l y measured data.
However, I f t h e d e n s l t y f l u c t u a t l o n s a r e n e g l l g l b l e compared t o t h e v e l o c l t v f l u c t u a t l o n s . Eq. ( 8 ) as
The terms 'lVj and correspond we can r e w r l t e
t o t h e rotor-wake-generated and i n r e s o l v e d u n s t e a d y -v e l o c l t y c o r r e l a t l o n s . r e s p e c t l v e l y . o f Eqs. ( 5 ) and ( 6 ) .
I f a p p r o p r l a t e modellng o f t h e above c o r r e l a t l o n s were p o s s l b l e , Adamczyk's average passage model would have t h e p o t e n t l a l t o be used t o assess how v a r i o u s d e s l g n parameters I n f l u e n c e f l o w -f i e l d performance when unsteady e f f e c t s a r e I n c l u d e d . The model c o u l d t h e r ef o r e be used t o e v a l u a t e t h e p o t e n t l a l f o r c o n t r o l l l n g t h e e f f e c t s o f unsteady f l o w s .
SUMMARY AND CONCLUSIONS I n P a r t I o f t h i s paper, a procedure f o r t h e measurement and a n a l y s i s o f unsteady f l o w s i n turbomachines u s i n g a l a s e r anemometer has been described. The anal y s i s i n c l u d e s a methodology f o r i d e n t i f y i n g " r o t o rwake-generated" and "unresolved" unsteadiness, and f o r d e t e r m i n i n g corresponding u n s t e a d y -v e l o c i t y c o r r e l at i o n s . A mathematical b a s i s f o r t h e rotor-wakegenerated and unresolved u n s t e a d y -v e l o c i t y c o r r e l a t i o n s I s a l s o summarized.
I n P a r t I 1 o f t h i s paper, t h e magn i t u d e s and d i s t r i b u t i o n s o f the rotor-wake-generated and unresolved unsteady-velocity c o r r e l a t i o n s a r e presented and discussed f o r two d i f f e r e n t s t a t o r blade rows o p e r a t i n g behind a transonic a x i a l -f l o w fan. Also presented a r e t h e steady-state a b s o l u t e v e l o c i t y f i e l d measurements and t h e kinematics o f t h e t r a n s p o r t o f t h e r o t o r wakes through t h e s t a t o r row. 
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. . (OR x 2). T h l s two-part paper presents detailed iaser anemometer measurements o f t h e unsteady velocity field within the stator row of a transonic axial-flow fan. The objective of this study was to provide additional insight into unsteady blade-row interaction. A t h i n high speed compressors which affect stage efficiency, energy transfer, and other design considerations. Part I o f this paper describes the measurement and analysis techniques used for resolving the unsteady flow field features. The ensemble-average and variance of the measured velocities are used to identify !-he "rotor-wake-generated" and "unresolved" unsteadiness, respectively. (Ihe term "rotor-wake-generated" unsteadiness refers to the unsteadiness generated by the rotor wake velocity deficit and the term "unresolvedi' unsteadi ness refers to all remaining contributions to unsteadiness such as vortex shed ding, turbulence, mass flow fluctuations, etc.). A procedure for calculating auto and cross correlations of the rotor-wake-generated and unresolved unsteady velocity fluctuations is described. These unsteady-velocity correlations have significance since they also result from a decomposition of the Navier-Stokes equations. This decomposition of the Navier-Stokes equations resulting in the velocity correlations used to describe the unsteady velocity field will also be outlined in this paper.
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